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Urinary mercuryEnvironmental contaminants associated with soil particles are generally less bioavailable than contaminants
associated with other exposure media where chemicals are often found inmore soluble forms. In vitro methods,
such as Physiological Based Extraction Tests (PBET), can provide estimates of bioaccessibility for soil-based
contaminants. The results of these tests can be used topredict exposure to contaminants from soil ingestion path-
ways within human health risk assessment (HHRA). In the current investigation, an HHRA was conducted to
examine the risks associated with elevated concentrations of mercury in soils in the northern Canadian smelter
community of Flin Flon,Manitoba. A PBETwas completed for residential soils and indicatedmean bioaccessibilities
of 1.2% and 3.0% for total mercury using gastric phase and gastric+intestinal phase methodologies, respectively.
However, as many regulators only allow for the consideration of in vitro results for lead and arsenic in the
HHRA process, in vitro bioaccessibility results for mercury were not utilized in the current HHRA. Based on the
need to assume 100% bioaccessibility for inorganic mercury in soil, results from the HHRA indicated the need for
further assessment of exposure and risk. A biomonitoring study was undertaken for children between 2 and
15 years of age in the community to examine urinary inorganicmercury concentrations. Overall, 375 children pro-
vided valid urine samples for analysis. Approximately 50% of urine samples had concentrations of urinary inorganic
mercury below the limit of detection (0.1 μg/L),with an average creatinine adjusted concentration of 0.11 μg/g. De-
spite high variability inmercury soil concentrationswithin sub-communities, soil concentrations did not appear to
inﬂuence urinary mercury concentrations. The results of the current investigation indicate that mercury bioacces-
sibility in residential soils in the Flin Flon areawas likely limited and that HHRA estimates would have been better
approximated through inclusion of the in vitro study results.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).re point concentrations; HHRA,
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Mercury is a naturally occurring element present in the Earth's crust
but is also released into the environment through mining and smelting,
combustion of fossil fuels and other industrial activities (ATSDR, 1999;
US EPA, 2007). Exposure to mercury is well known to be associated
with both speciﬁc and general toxicity responses in humans (ATSDR,
1999; Counter and Buchanan, 2004). In children, this is of particularthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that can lead to neuro-, nephro- and immunotoxicity (Counter and
Buchanan, 2004; Bose-O'Reilly et al., 2010). In addition, children can
be exposed to mercury via contaminated soils through deliberate and
involuntary mechanisms such as hand-to-mouth activities and play
(US EPA, 2002; Ljung et al., 2007; Guney et al., 2013).
In mercury contaminated soils, inorganic mercury species generally
represent approximately 98–99.9% of the total mercury content (Davis
et al., 1997). The bioaccessibility of soil-bound inorganic mercury has
been shown to be signiﬁcantly reducedwhen compared tomore soluble
forms (Barnett et al., 1995; Barnett and Turner, 2001; Zagury et al.,
2009; Guney et al., 2013). The term “bioaccessibility” refers to the frac-
tion of the contaminant that is released from soil within gastrointestinal
ﬂuids and is available for absorption (Ruby, 2004). When contaminants
are bound in soil they are typically less bioaccessible than those associ-
ated with other exposure media (e.g. water) due to the sequestration of
both inorganic and organic constituents (NRC, 2003; Ruby, 2004).
Toxicity reference values used within human health risk assess-
ments (HHRAs) are often based on animal models due to a lack of ade-
quate or reliable human exposure data. Inorganic mercury toxicity
values are based on responses to mercuric chloride (HgCl2), a highly
bioaccessible species that can be administered through diet or drinking
water (ATSDR, 1999; Health Canada, 2009). Mercuric chloride has been
shown to be up to 60-fold more bioaccessible than cinnabar (HgS) that
is typically a major component of soil-based mercury (Sin et al., 1983;
Schoof and Nielsen, 1997). Failure to adjust for the relative difference
of bioaccessibility can produce a signiﬁcant overestimation of risk and
may result in costly and disruptive follow-up investigations or remedi-
ation procedures that would otherwise be unnecessary (Canady et al.,
1997; Schoof and Nielsen, 1997; Schoof, 2004).
In vitro methods can provide measures of bioaccessibility of a given
soil-based contaminant. For instance, physiological based extraction
tests (PBET) have been established tomimic the human gastrointestinal
system to estimate bioaccessibility (Ruby et al., 1993). The PBET uses pH
levels similar to those found in the stomach (Phase 1) and the small
intestine (Phase 2) to simulate the conditions during digestion (Ruby,
2004). For some contaminants such as arsenic and lead, in vivo models
have been used to validate the results of the PBET and to adjust the bio-
accessibility results of a PBET to provide an estimate of relative bioavail-
ability (Ruby et al., 1996; Kelly et al., 2002; Rodriguez et al., 1999;
Schroder et al., 2004). The bioavailability represents the fraction of the
contaminant that is absorbed by the receptor and enters systemic circu-
lation (Ruby, 2004). These adjustments have not been developed for
PBET results for mercury. As a result, a default of 100% relative bioavail-
ability is typically used in risk assessment for inorganic mercury in
ingested soils despite common acceptance that this represents an overly
conservative assumption (Canady et al., 1997). A number of investiga-
tions have characterized the bioaccessibility of soil-based mercury
through in vitro analysis (Barnett and Turner, 2001; Bloom et al.,
2003; Welfringer and Zagury, 2009; Koch et al., 2013).
The city of Flin Flon, MB (55°N, 102°W), located in west-central
Manitoba, Canada, sharing the Saskatchewan provincial border with
the city of Creighton, SK, has been the site of a base metal mining
and smelting complex for over 80 years. A number of different metals
have been emitted at the smelter, including copper, lead, zinc, and
cadmium, in addition to by-products such as gold, silver, and seleni-
um (Henderson et al., 1998; Manitoba Conservation, 2007). In 2007,
Manitoba Conservation conducted a surface soil investigation to deter-
mine the concentration and distribution of metals in the Flin Flon area.
Several metals, including mercury, were found to be higher than what
has been recommended by the Canadian Council of Ministers of the
Environment (CCME) as soil quality guidelines for human health
(CCME, 1999; Manitoba Conservation, 2007).
Prompted by the release of the Manitoba Conservation report, an
HHRA was initiated to estimate the exposure and risk levels associated
with mercury and other contaminants in environmental media. Thelocation of different communities within the Flin Flon area relative to
the smelting complex may have a signiﬁcant inﬂuence on the level of
particulates in ambient air and the amount that was available for depo-
sition to residential areas. To address differences in exposures among
residents of the Flin Flon area, the HHRA included an estimate of expo-
sure and risks for four separate communities (West Flin Flon, East Flin
Flon, Creighton and Channing) (Fig. 1) which had a wide range of inor-
ganic mercury levels in soil. As part of the HHRA, additional soil sam-
pling from residential properties was completed.
Herewe present the PBET results for mercury in residential soils col-
lected from the Flin Flon area to investigate the bioavailability ofmercu-
ry. Regulators required the HHRA to assume a 100% relative
bioavailability. A biomonitoring study was conducted within the com-
munity to measure urinary inorganic mercury concentrations in chil-
dren less than 15 years of age as a more reﬁned method for assessing
potential health risks. The results of this biomonitoring study are con-
sidered herein in the interpretation of soil related mercury exposure
in the Flin Flon area and in assessing the validity of utilizing PBET results
for mercury in HHRA in general.
Inorganic mercury in soil is expected to have a considerably lower
bioaccessibility than soluble salts such as mercuric chloride (HgCl2)
that are typically used in tests to derive toxicity reference values
(Schoof and Nielsen, 1997; Paustenbach et al., 1997). Most soils gener-
ally consist of mercury compounds that have low levels of solubility,
such as mercuric sulﬁde or cinnabar. Animal models have shown that
the relative bioavailability of mercuric sulﬁde can be approximately
1–4% that of mercuric chloride (Paustenbach et al., 1997). Our research
hypothesis was that failing to adjust for differences in the bioavailability
of inorganic mercury in soil relative to the bioavailability of mercuric
chloride in animal-based experimental studies will result in an overes-
timation of health hazards.
2. Methods
2.1. Residential soil sampling
Soil core samples were collected from homes located in Creighton,
SK, East Flin Flon, MB, West Flin Flon, MB and Channing, MB (n = 29,
63, 76, 10 respectively). Homes were selected on a volunteer basis. A
minimum of ten 1.5 cm inner diameter core samples were taken in an
“X” pattern using a stainless steel probe from the lawn of each home.
A soil particle size fraction of b250 μm from each soil sample was sub-
mitted for chemical analysis for total mercury concentration using the
Mercury (Hot Block) in Soil method as outlined by the US EPA (2001).
Only surface soil samples collected at the 0–2.5 cm or 0–5 cm proﬁle
were considered as a possible source of incidental ingestion and direct
dermal contact.
2.2. Physiological based extraction test
Bioaccessibility studies utilizing the PBETmethodwere conducted to
estimate the bioaccessibility of contaminants present in soil collected
from the Flin Flon area. A total of 50 soil samples collected from res-
idential properties across each of the four communities were selected
for testing (Creighton, West Flin Flon, East Flin Flon and Channing;
n = 10, 20, 10 and 10, respectively). Soil samples were selected to pro-
vide a wide range of mercury concentrations (0.31 to 971 mg/kg) to
allow for an analysis of the relationship between concentration and bio-
accessibility. Testing was conducted by the Environmental Services
Group (ESG) of the Royal Military College of Canada (RMC) and the
Analytical Services Unit (ASU) of Queen's University.
Test conditions, such as soil particle size and dilution ratio, were
examined in a pilot study prior to the ﬁnalization of the study protocol.
The results of this pilot study supported the use of an extraction ﬂuid
volume to soil mass ratio of 100:1 and the b250 μm fraction of soils.
Fig. 1.Map of Flin Flon (MB), Channing (MB) and Creighton (SK), Canada. Hudson Bay Mining and Smelting (HBMS) smelter facility (stack) and tailings are noted (ESRI®, 2006;
CTI, 2005a,b).
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from those previously published (Ruby et al., 1993; Rodriguez et al.,
1999). Two aliquots of dried, sieved and homogenized soil were
weighed into labeled Teﬂon® extraction vessels with gastric bioaccessi-
bility solution (1.25 g/L pepsin, 0.5 g/L sodium citrate, 0.5 g/L malic acid,
1 ml/L glacial acetic acid, 0.15 M NaCl adjusted to pH 1.8 with 32% HCl).
Sampleswere labeled Phase 1 for the simulation of the gastric phase and
Phase 1+2 for simulation of the gastric+intestinal phases. Both Phase 1
and Phase 1+2 samples were incubated for 1 h at 37°C on a shaker at
275 RPM to simulate the gastric phase of the bioaccessibility test. Fol-
lowing incubation, Phase 1 samples were removed and prepared for
analysis. At this time, the pH of the Phase 1+2 samples was increased
to 7 through the addition of saturated sodium carbonate (Na2CO3).
Bile and pancreatin solutions were also added (3:1 ratio). Samples
were incubated for an additional 4 h at 37°C and then prepared for anal-
ysis. The pH was monitored and adjusted accordingly following the ad-
dition of the gastric solution and during the incubation periods.
Following the respective incubation periods, Phase 1 and Phase 1+2
samples were ﬁltered through a 0.45 μm syringe ﬁlter with glass micro-
ﬁber membrane and refrigerated. Two extraction blanks, one with a
known amount of mercury, were included with each assay.
Based on the total mercury in soils (either below or above 7mg/kg),
different methods were used to measuremercury concentrations in the
bioaccessibility extracts to account for differences in sensitivity. For soil
samples that had a totalmercury concentration N7mg/kg, content of the
bioaccessibility extract was detected via pyrolysis-cold vapor
generation-atomic absorption spectrometry (Prypolysis-CV AAS) using
the Milestone (DMA-80) direct mercury. The setup of the instrument
and assay were designed to meet the criteria outlined by the US EPA
(Method 7473). The limit of detection for this method is 0.2 mgmercu-
ry/kg bioaccessbility concentration. To increase overall sensitivity, soilsthat had a total mercury level b7 mg/kg were analyzed by cold vapor
generation-atomic ﬂuorescence spectrometry (CV-AFS). This method
allows for the detection of total mercury in waters at ultra-trace levels
with a limit of detection of 0.5 parts per trillion. A total of 16 samples
were run using this method. The samples were mixed with 4 mL trace
metal grade nitric acid in a Teﬂon® vessel. Aqueous potassium per-
manganate (1 mL, 5% w/v) and potassium persulfate (1 mL, 5% w/v)
were added prior to microwave digestion. Samples were digested via
a ramp up to 200 °C in 10 min and held for 30 min. On cooling, 0.5 mL
hydroxylamine sulfate solution (12% w/v) was added. Distilled deion-
ized water was added to provide a ﬁnal volume of 25 mL. A Tekran®
model 2620 autosampler with a 2610 pump unit and 2600 control
unit was used for the analysis of mercury in the extracts. Sample prep-
aration and analyses were carried out in a two stage clean room. Sam-
ples were digested with bromine monochloride (BrCl) and excess
halide was neutralized with hydroxylamine hydrochloride. Mercury
was converted from Hg2+ to Hg0 by reduction with stannous chloride.
Blanks, calibration standards, and calibration check standards were in-
cluded in the assays as quality controls. Non-detectable samples were
conservatively assigned the value 0.2 mg Hg/kg equivalent to the level
of detection.
The percentage of bioaccessible mercury was determined for each
sample as themercury concentrationmeasured in the PBET gastric solu-
tion or the intestinal solution (mg/kg) divided by the mercury concen-
tration measured in soil as follows:
% Bioaccessible Hg ¼ Bioaccessible Hg Concentration mg=kgð Þ
Hg Soil Concentration mg=kgð Þ  100:
ð1Þ
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The detailed HHRA employed a deterministic exposure analysis
approach to characterize exposure, predicted risks, and the overall
uncertainty inherent within the assessment methodology. A multime-
dia assessment considered potential exposures to mercury present in
the local environment (i.e., air, outdoor soil, indoor dust, drinking
water, home garden produce, local blueberries, wild game and local
ﬁsh) as well as media unrelated to the local environment (i.e., market
basket foods). Exposure point concentrations (EPCs) were developed
for mercury in each of these media and were represented by the 95%
upper conﬁdence limit on the arithmetic mean (UCLM).
Data collected as part of the residential soil sampling programwere
used to derive an EPC for mercury in soil for each of the four communi-
ties. For residences in whichmultiple samples were collected (e.g., from
the front yard, back yard, garden, and/or sandbox), an arithmetic mean
of these values was used to represent the concentration for that resi-
dence. Since the EPCs were used to estimate exposure via incidental in-
gestion and direct dermal contactwith residential soils, only surface soil
samples were considered (i.e., samples collected in the 0–2.5 or 0–5 cm
below ground surface proﬁle).
Sampling programs were conducted to measure mercury content in
drinking water, local blueberries, indoor dust and the respirable PM10
component of outdoor air frommultiple locations throughout the com-
munity. Based on the results of a local food survey, a sampling plan was
developed for the collection and analysis of common sport ﬁsh from
lakes at varying direction and distance from the smelter that are report-
ed to be frequently used for ﬁshing. The local food survey was also used
to develop consumption rates for local ﬁsh, wild game, and blueberries.
A home garden study provided measured concentrations of mercury in
home-grown vegetables (lettuce (n = 27), tomatoes (n = 25), beans
(n = 23), potatoes (n = 25) and carrots (n = 27)) from nine gardens
throughout the community.
Using site-speciﬁc data and a series of assumptions endorsed by
agencies such as Health Canada (2009) and the US EPA (1989, 1997),
the exposure assessment predicted the rate of exposure of mercury
via oral, dermal and inhalation pathways expressed as the amount of
chemical taken in per body weight per unit time (i.e., μg chemical/kg
body weight/day). Exposures were predicted for a series of age groups
ranging from infants to adults. Risks associated with exposure to
mercury were estimated by comparing predicted exposures to the
Health Canada (2004) Tolerable Daily Intake (TDI) of 0.3 μg/kg/day
for inorganic mercury.
The results of the HHRAwere used to derive a residential soil provi-
sional trigger concentration (PTC) formercurywhichwas deﬁned as the
soil concentration on a residential property that corresponds to an
acceptable level of risk assuming a relative bioavailability of 100% for
mercury in ingested soil. The PTCwas derived to determine the number
of residential properties that contained mercury concentrations that
may represent a potential health concern and to determine the need
for future action, either remediation or study such as biomonitoring,
to more accurately assess exposure and associated health risks.
2.4. Human biomonitoring
2.4.1. Participant recruitment
Ethical approval was obtained from the Institutional Review Board
Services prior to the start of the investigation. Children between 2.5
and 15 years of age were recruited to participate in the human biomon-
itoring component of the study. Children less than 2.5 years of age were
not included as the technique required for the collection ofﬁrstmorning
voids could not be reliably implemented in the community level study
for young children not yet toilet trained. Diaper inserts can be used
however, this technique collects voiding throughout the night. As a
result, urine samples obtained are not ﬁrst morning void, and cannot
be temperature controlled. The registries of residential tax propertiesin Flin Flon and Creighton provided complete information on 3,439 res-
idential addresses. Each household was assigned an identiﬁcation num-
ber and a stratiﬁed random sampling approachwas employed to recruit
participants. As there were fewer households with children inWest Flin
Flon, and concentrations of mercury in residential soils were highest in
West Flin Flon, all households in this community were invited to
participate.
Prior to the start of the experiment, informed consent was obtained
to ensure that the parent/guardian of the participating child understood
the voluntary nature of the study and any potential risks involved. An
in-home interview was completed at all participating households with
the adult member(s) (i.e., parent or guardian) who were most familiar
with the child(ren)'s daily activity patterns. Questions were designed
to identify potential opportunities for exposure to mercury. The inter-
viewwas conducted by trained interviewers who followed a structured
format. Recruitment of participants and data collection occurred in Fall
2009. The chosen study period allowed for mercury levels to be mea-
sured immediately following the summer months, the period hypothe-
sized that childrenwould have the highest exposure to soil as a result of
outdoor activity. This timing also coincideswith the return to school and
work which facilitated participation in the study.
2.4.2. Urine sample collection
Urine samples were collected within the participant's home under
the supervision of their parent/guardian. The parent/guardian was pro-
vided with a sampling kit and instructions to collect a minimum of
10 mL from the ﬁrst morning void via two methods, depending on the
age and sex of the participant. For older male children, urine was col-
lected directly via a 125 mL Nalgene bottle. For younger children and
females, a toilet insert was used and the sample was then immediately
transferred into the Nalgene bottle. Bottles were then placed on ice and
picked up by the study teamon the samemorning. Sampleswere stored
at 4°C and shipped on ice to the Laboratoire de Toxicologie/Institut
national de santé publique du Québec for analysis within a week of sam-
ple collection.
2.4.3. Urinary inorganic mercury analysis
Urinary analyses were performed by the Laboratoire de Toxicologie/
Institut national de santé publique du Québec. Inorganic mercury concen-
trationswere determined using the Cold Vapor Atomic Absorption Spec-
trometry (CVAAS), based largely on protocols developed by Guo and
Baasner (1993). The achievable detection limitwas 0.1 μg/Lwith a repro-
ducibility of 5% (2.4 μg/L). Mixed bromate–bromide reagent and concen-
trated HCl was added to decompose mercury compounds. Online
potassium permanganate was also used to further decomposition. Mer-
cury vapor that was reduced from inorganic mercury compounds by so-
dium tetrahydroborate was measured by using a Perkin-Elmer Flow
Injection Mercury system with the FIMS 100.
The kidney ﬁlters mercury from blood at a relatively constant rate,
while the volume of urinary output varies during the day according to
the intake of water. In contrast, creatinine is a byproduct of muscle
metabolism and is also ﬁltered from the kidney but at a constant rate
during the day. As a result, mercury concentrations in urine samples
are commonly expressed in relation to the creatinine level in the urine
sample (μg of inorganic mercury per g of creatinine) (Barr et al., 2005;
Pearson et al., 2009). Given the large proportion of urinary mercury
data with values below the limit of detection (50%), maximum likeli-
hood estimation methods were used to calculate geometric means
and standard deviation for the overall sample (May et al., 2011).
To assess the factors associated with exposure levels, simple univar-
iate regression models were developed to determine which personal
factors were potentially related to the measured urinary mercury con-
centration. The ﬁndings from the initial univariate models were then
used to develop multivariate regression models that determined the
unique variance in urinarymercury concentrations accounted for by se-
lected personal factors as measured through the survey.
Table 2
Percent bioaccessiblemercury in residential soils from the Flin Flon area as determined by
PBET (Phase 1 or Phase 1+2).
Location N BDL Median Min Max Arithmetic
Mean UCL STD
Phase 1 (gastric)
East Flin Flon 10 7 1.0 0.30 2.8 1.4 1.9 0.91
West Flin Flon 20 13 0.2 0.05 3.0 0.40 0.80 0.65
Channing 10 1 0.94 0.40 7.6 1.9 3.5 2.2
Creighton 10 7 1.1 0.50 6.1 1.8 3.0 1.7
All locations 50 28 0.68 0.05 7.6 1.2 1.5 1.5
Phase 1+2 (gastric+ intestinal)
East Flin Flon 10 4 1.7 0.82 5.6 2.1 3.1 1.4
West Flin Flon 20 0 2.6 0.77 4.6 2.6 3.1 1.1
Channing 10 1 3.3 0.79 5.7 3.2 4.3 1.8
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Data were analyzed using one-way ANOVA followed by post-hoc
pair-wise comparisons using Tukey's HSD test. Given the data did not
follow a normal distribution, soil mercury concentrations and PBET bio-
accessibility data were log-transformed and subsequently re-analyzed.
Simple univariate regression models were used to determine associa-
tions between personal factors and urinary inorganic mercury concen-
tration (Chen, 2002). Subsequent multiple linear regression
techniques were used to developmodels to relate urinarymercury con-
centrations with various factors identiﬁed from the survey responses
(e.g., gender, diet characteristics, dental amalgams). Statistical analyses
were done using Systat 13.1 (Systat Software Inc., Chicago, IL), SAS 9.1
(SAS Institute Inc., Cary, NC) and ProUCL 3.0 (US EPA, 2004).Creighton 10 1 3.9 1.9 11 4.7 6.8 3.0
All locations 50 6 2.8 0.77 11 3.0 3.5 2.0
BDL— BelowDetection Limit (for statistical calculations, non-detect sampleswere consid-
ered to be equal to the detection limit).3. Results and discussion
3.1. Residential soil sampling
Pair-wise comparisons showed that soil mercury concentrations
were signiﬁcantly higher in West Flin Flon when compared to all
other communities (East Flin Flon, Channing and Creighton p b0.001)
(Table 1). There was no statistical difference among samples from
Creighton, East Flin Flon and Channing. West Flin Flon is directly adja-
cent to the smelting complex and down gradient of the predominant
wind direction. Residential properties in West Flin Flon are generally
older than properties in other communities and are less likely to contain
amended soils.Table 1
Concentrations of mercury in residential surface soil (mg/kg), including 95% upper
conﬁdence limit (UCL) and standard deviation (STD).
Location N Median Min Max Arithmetic
Mean UCL STD
East Flin Flon 63 5.0 0.18 18 6 7.2 4.6
West Flin Flon 76 69 0.02 970 110⁎ 130 140
Channing 10 2.3 0.10 7.0 3 4.1 2.2
Creighton 29 4.2 0.02 24 6 8.9 6.6
⁎ p b 0.001.
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Fig. 2. Relationship between mercury soil concentration and % bioaccessible mercury
following Phase 1+2 digestion.3.2. Physiological based extraction test
The bioaccessibilty of 56% (28 of 50) of all samples following the
gastric phase (Phase 1) digestion was found to be below the level of
detection. Mean bioaccessibility ranged from 0.4 to 1.9% for individual
communities, with a mean of 1.2% for all samples. Results from the
gastric+intestinal phase (Phase1+2) digestion showed that 12% (6 of
50) of samples were below the level of detection. Mean bioaccessibility
ranged from 2.1 to 4.7% for individual communities, with amean of 3.0%
for all samples (Table 2). The percentage of bioaccessible mercury was
signiﬁcantly higher following Phase 1+2 digestion when compared to
Phase 1 alone (p b 0.0001).
The results of the current in vitro assessment of soil-based mercury
bioaccessibility are of the same order of magnitude when compared
to previous publications (Barnett and Turner, 2001; Welfringer and
Zagury, 2009; Guney et al., 2013) and indicate that a conservative esti-
mate of mercury bioaccessibility would be provided through the use
of a two-phase PBET mimicking both the gastric and intestinal condi-
tions relative to a single-phase test. Similar results were found by
Welfringer and Zagury (2009) in which bioaccessibility measured
using the IVG (In Vitro Gastrointestinal) method (Rodriguez et al.,
1999) ranged from 1.1% to 4.5% for Phase 1, and from 1.5% to 7.5% for
Phase 1+2. Guney et al. (2013) reported that the percent bioaccessibi-
lity of eight ﬁeld-collected samples of a wide range of mercurycontamination levels (2.61 mg/kg to 11500 mg/kg) in varying types of
soil were 1.1 to 4.4% for Phase 1 and 1.5 to 16.6% for Phase 1+2.
Increased bioaccessibility associated with the two-phase approach
may be attributed to increased mercury solubility associated with
higher concentrations of organic components such as bile extract and
pancreatin in the intestinal phase (Welfringer and Zagury, 2009). In
vitro protocols that utilize organic physiological components and tem-
peratures that are consistent with the human gastrointestinal tract
(37°C), such as the IVG protocol, were found to produce highermercury
bioaccessibility results when compared to simpliﬁed protocols such as
the CDM (Camp Dresser and McKee) method (Barnett and Turner,
2001) which is conducted at room temperature (21–23°C), does not in-
clude physiological ﬂuids and primarily utilizes pH-adjusted deionized
water (Welfringer and Zagury, 2009).
Though linear regression showed a statistically signiﬁcant relation-
ship between soil mercury concentration and the percent of bioaccessi-
ble mercury following Phase 1+2 digestion (p = 0.012), mercury soil
concentration could not explain a large proportion of the total variance
in the predicted bioaccessibility levels (r2=0.12) (Fig. 2). This is consis-
tent with in vivo results found inmice fed impacted soils from East Fork
Poplar Creek in which mercury bioavailability ranged from 4 to 16%
with no evident correlation with soil concentration (Davis et al., 1997).3.3. Human health risk assessment (HHRA)
Using EPCs equivalent to the 95% UCLM soil concentrations
(EPC = 130, 7.2, 8.9, 4.1 mg/kg in West Flin Flon, East Flin Flon,
Table 4
Predicted hazard quotients associated with exposure to inorganic mercury.
Receptor East Flin Flon West Flin Flon Channing Creighton
Infant 0.28 1.0 0.26 0.29
Toddler 0.33 1.8 0.30 0.35
Child 0.25 0.48 0.24 0.25
Teen 0.22 0.36 0.22 0.22
Adult 0.25 0.37 0.25 0.25
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to inorganicmercury for residents inWest Flin Flonwas via ingestion of
outdoor soil (Table 3). Eighty percent (80%) of the predicted daily expo-
sure for the toddler (age 7months up to 5 years) living inWest Flin Flon
was associated with ingestion of outdoor soil. Sampling indicated that
concentrations of mercury in indoor dust were signiﬁcantly lower
than concentrations in outdoor soil for co-located samples. As a result,
the contribution of indoor dust to inorganic mercury exposure was sig-
niﬁcantly lower than that from outdoor soil. Within the other commu-
nities, the primary source of exposure for the toddler was the
consumption of market basket foods, representing 50% to 60% of the
predicted daily exposure to inorganicmercury. Althoughmarket basket
exposure was assumed to be the same for residents in each of the four
communities, the percent contribution of market basket foods to total
exposure differed as a result of differences from exposure to
community-speciﬁc environmental media concentrations (i.e., soil,
dust, air, and drinking water). Mercury content in market basket food
items is unrelated to environmental contamination in the Flin Flon
area and is reﬂective of foods consumed throughout North America.
Exposure via ingestion of home garden vegetables and local blue-
berries wereminor, generally representing less than 2% and 1%, respec-
tively, of the total predicted exposure for the toddler. Consumption of
local ﬁsh represented 2.3% to 13% of total exposure, varying between
communities.
Assuming a relative bioavailability of 100% for mercury in ingested
soil, the HHRA predicted a Hazard Quotient (HQ) of 1.8 for toddlers
living in West Flin Flon (Table 4). Predicted exposures and risks for
the toddler were signiﬁcantly elevated relative to other receptor age
groups as a result of the elevated soil ingestion rate assumed for this
age group. PredictedHQs for other communitieswith lower soil concen-
trations were below the acceptable HQ of 1.0.
Concentrations of mercury measured in soil on 52% (40 of 77) of
those properties sampled in West Flin Flon were in excess of a PTC of
64 mg/kg back-calculated to be protective of receptors in the Flin Flon
area. The PTC was not exceeded in any soils collected from properties
sampled in the remaining communities (Fig. 3).
3.4. Urinary inorganic mercury analysis
Approximately 50% of urine samples (188 of 375 samples) were
found to be below the limit of detection for urinary mercury
(0.1 μg/L). There was no signiﬁcant difference found in the urinarymer-
cury concentrations of children sampled from the four communities
(Fig. 4). The creatinine adjusted mean urinary mercury concentrations
ranged from 0.05 μg/g among participants from Channing to 0.22 μg/g
among participants from Creighton. Mean values for East Flin Flon
(0.09 μg/g) and West Flin Flon (0.08 μg/g) were similar. MaximumTable 3
Pathway-speciﬁc estimated daily intake (EDI) of inorganic mercury for the toddler.
Exposure pathway Estimated daily intake (EDI)
(μg/kg bw/day)
East Flin Flon West Flin Flon Channing
Inhalation of ﬁne particulate 4.2E−05 7.2E−03 4.2E−05
Dermal contact — outdoor soil 1.0E−03 1.8E−02 5.7E−04
Dermal contact — indoor dust 9.1E−05 3.1E−04 8.5E−05
Outdoor soil ingestion 2.3E−02 4.2E−01 1.3E−02
Indoor dust ingestion 2.8E−03 9.4E−03 2.6E−03
Home garden root vegetables 2.2E−04 2.2E−04 2.2E−04
Home garden other vegetables 1.5E−03 1.5E−03 1.5E−03
Local wild blue berries 7.3E−04 7.4E−04 7.3E−04
Local wild game 3.1E−03 3.1E−03 3.1E−03
Local ﬁsh 1.2E−02 1.2E−02 1.2E−02
Drinking water 1.5E−03 1.5E−03 1.5E−03
Market basket contribution 5.4E−02 5.4E−02 5.4E−02
Total 1.0E−01 5.3E−01 8.9E−02concentrations measured in Creighton (4.02 μg/g) and East Flin Flon
(2.31 μg/g) were higher than those measured in West Flin Flon
(1.79 μg/g) and Channing (0.91 μg/g). When the communities were
combined, the overall geometric mean for adjusted urinary mercury
concentrations was 0.11 μg/g (95% CI: 0.09–0.14 μg/g) (Table 5).
When analyzed by gender, the geometric mean was similar for males
(0.11 μg/g) and females (0.12 μg/g). Similar geometric means were
also found across age groups ranging from 0.09 μg/g among 5 to
8 year old participants to 0.15 μg/g among participants aged 9 to
14 years.
Controlling for variance associated with other factors (e.g., dietary
characteristics, gender, age), results from the multivariate modeling
indicated that urinary mercury concentrations had signiﬁcant positive
associationswith the number of dental amalgams (pb0.01) and the con-
sumption of local game (pb0.01). According to geographic area, partici-
pants who lived in Channing were more likely to have lower urinary
mercury concentrations (pb0.01), while participants who lived in
Creighton were more likely to have higher values of urinary mercury
(pb0.01). These associations indicate that other sources of mercury
can signiﬁcantly contribute to the overall exposure and risk levels of
children. Dental amalgams have been previously shown to be signiﬁ-
cantly correlated with urinary mercury concentrations, increasing
with the number of amalgam ﬁllings (Becker et al., 2003; Geier et al.,
2012). Concerns regardingmercury exposure through dental amalgams
have resulted in a call for a phase-down of their use (Mackey et al.,
2014).
The highest maximum concentrations reported for an individual in
the 5 to 8 years age group (2.25 ug/g) and 9 to 14 years age group
(2.31 ug/g) were notably higher than the maximum reported concen-
tration for the 2.5 to 4 years age group (0.87 ug/g). This indicates that
exclusion of children under the age of 2.5 years did not result in failure
to capture the highest exposed individuals. The pattern of higher
urinary mercury concentrations in the older aged children is partially
attributable to the increased likelihood of dental amalgams in these
age groups.
Although soil mercury concentrations in the Flin Flon area signiﬁ-
cantly exceeded the CCME mercury soil quality guideline for thePercentage of total EDI
Creighton East Flin Flon West Flin Flon Channing Creighton
5.9E−04 b1.0% 1.4% b1.0% b1.0%
1.2E−03 1.0% 3.4% b1.0% 1.1%
9.4E−05 b1.0% b1.0% b1.0% b1.0%
2.9E−02 23% 80% 14% 27%
2.9E−03 2.8% 1.8% 2.9% 2.7%
2.2E−04 b1.0% b1.0% b1.0% b1.0%
1.5E−03 1.5% b1.0% 1.7% 1.4%
7.3E−04 b1.0% b1.0% b1.0% b1.0%
3.1E−03 3.1% b1.0% 3.5% 2.9%
1.2E−02 12% 2.3% 13% 11%
1.4E−03 1.5% b1.0% 1.7% 1.3%
5.4E−02 54% 10% 60% 50%
1.1E−01
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Fig. 3. Maximum concentrations of inorganic mercury in soil on individual properties
relative to the provisional trigger concentration of 64 mg/kg.
Table 5
Geometric mean, 95% upper conﬁdence limit (UCL) and standard deviation of creatinine-
adjusted urinary inorganic mercury concentrations (μg/g) by sex and age.
Characteristics N Median Min Max Geometric
Mean UCL STD
Sex
Females 179 0.17 0.05 2.31 0.11 0.14 4.54
Males 196 0.19 0.04 4.02 0.12 0.16 4.74
Age (years)
2.5–4 82 0.19 0.07 0.87 0.10 0.14 2.88
5–8 129 0.16 0.05 2.25 0.09 0.14 5.90
9–14 164 0.18 0.04 2.31 0.15 0.19 4.57
All 375 0.18 0.04 4.02 0.11 0.14 4.66
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urinary mercury concentration of 0.11 μg/g is lower than a number of
reference values and means indentiﬁed previous investigations (Sup-
plementary Table 1). For instance, the geometric mean of creatinine ad-
justed urinary mercury concentrations from 286 American children
aged 6 to 11 years was 0.297 μg/g (CDC, 2009). Similarly, a sample of
222 German children between 8 and 10 years old had a geometric
mean of 0.25 μg/g (95% conﬁdence interval 0.22–0.28) (Pesch et al.,
2002). Though human exposure guidelines have been developed for
adults, very fewhealth-basedurinary reference values exist for children.
A urinary reference value of 0.4 μg/L in children 3–14 years of age (with-
out dental amalgamﬁllings)wasderived from the 95% conﬁdence inter-
val for the 95th population percentile of The German Environmental
Survey on Children (Schulz et al., 2012). The Human Biomonitoring
Commission in Germany developed a health-based mercury exposure
limit of 5 μg/g creatinine, belowwhich no adverse health effects are ex-
pected (Schulz et al., 2007 2012). The maximum urinary mercury con-
centration measured in all samples collected in the Flin Flon area of
4.02 μg/g creatinine was below this reference value despite the occur-
rence of maximum soil mercury concentrations in West Flin Flon that
exceeded the CCME soil guideline by a factor of 150.Fig. 4. Creatinine adjusted urinary inorganic mercury concentrations in children 2–
15 years of age from the Flin Flon area.4. Conclusion
This study measured soil mercury concentrations, in vitro bioacces-
sibility and urinary inorganic mercury concentrations in young children
to assess the risks associatedwith exposure to contaminated soils in the
context of anHHRA. Physiological based extraction tests (PBET) indicat-
ed that following Phase 1 or Phase 1+2 digestions, the mean bioacces-
sibility of mercury from ﬁeld collected soils was 1.2% and 3.0%,
respectively. However, as required by many regulators (e.g., Health
Canada), within the HHRA the relative bioavailability of mercury was
conservatively assumed to be 100% for ingested soils. This assumption
resulted in mercury exposure estimates via incidental ingestion of soil
exceeding the Health Canada TDI for young children residing in West
Flin Flon. A biomonitoring studywas subsequently completed to further
examine exposure levels through the collection and analysis of urine
samples from children. Approximately 50% of urine samples were
found to be below the limit of detection for urinary inorganic mercury.
Despite the occurrence of much higher concentrations of mercury in
the soils of West Flin Flon relative to the other communities, soil con-
centration did not appear to inﬂuence levels of exposure experienced
by children. Given that the communities assessed in this investigation
are located within a small remote area (approximately 30 km2), similar
exposure opportunities exist for children in each of these communities.
The urine analysis demonstrated that soil-related inorganicmercury ex-
posure does not represent a signiﬁcant source of internal exposure. This
may be attributed to the low bioaccessibility of inorganic mercury in
soils as indicated by in vitro soil testing. An analysis of bioaccessibilty
as a function of soil concentration indicated that soil mercury concen-
tration was not a signiﬁcant factor despite the wide range of mercury
concentrations in tested soils from the Flin Flon area.
The limited bioaccessibility of soil-based mercury, as indicated by
the results of the current PBET analysis, can account for the discrepancy
between the predicted environmental exposure and the actual expo-
sure measured within the biomonitoring study. The results of the
HHRA indicated that 80% of the total predicted EDI for the toddler living
in West Flin Flon was associated with ingestion of outdoor soils assum-
ing a bioavailability of 100%. This resulted in an HQ of 1.4 associated
with the ingestion of soil and a total HQ of 1.8 for all pathways. Using
the 95% UCL of 3.5% for the Phase 1+2 analyses to represent the relative
bioavailability of mercury in soil, the soil-related HQ would decrease to
0.049 and the overall HQ to 0.42.
The results of this study provide evidence thatmercury bioaccessibi-
lity in residential soils in the Flin Flon area was limited and that HHRA
estimates would have been better approximated through inclusion of
the in vitro study results. This has important implications on future
assessment of risks associated with exposure to inorganic mercury in
soils, and indicates that soil remediation or removal may be unwar-
ranted to mitigate exposure. Complications associated with analytical
procedures for speciating inorganic mercury in soil (Paustenbach
552 A.M. Safruk et al. / Science of the Total Environment 518–519 (2015) 545–553et al., 1997; Davis et al., 1997; Canady et al., 1997), as well as site-
speciﬁc soil properties such as moisture, microﬂora composition, and
organic and sulfur content (Davis et al., 1997), prevent the selection of
a single relative bioavailability factor that is applicable to all mercury
contaminated sites. In vitro tests utilizing both gastric and intestinal
phases as well as physiological ﬂuids and temperatures representative
of the human gastrointestinal tract may provide a suitable estimate of
bioavailability for soils on a site-speciﬁc basis.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2015.02.089.Acknowledgments
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